The goal of this research was to develop dynamic predictive models for five alkaloids in Coptis during the process of stir-frying with wine by nearinfrared spectroscopy (NIR). Six batches of samples were collected and then processed on the basis of orthogonal design. With high-performance liquid chromatography (HPLC) analysis as reference, calibration models were generated by a partial least squares (PLS) regression. The root mean square errors of prediction (RMSEP) for the PLS models of jatrorrhizine, epiberberine, coptisine, palmatine, and berberine were 0.0030, 0.0387, 0.0206, 0.0095, and 0.0516, and the correlation coefficients (R) were 99.43%, 98.41%, 99.29%, 99.23%, and 99.87%, respectively. Accordingly, these results demonstrated that the models could be efficiently used to develop robust methods of online analysis and quality control for Coptis.
Introduction
Currently, traditional Chinese medicines (TCMs) still play an important role in the treatment and prevention of human diseases. The safety, effectiveness, and quality of processed TCMs have attracted worldwide attention. [1] As a type of TCM, Coptis has many medicinal values and is widely used in clinical care. [2] Coptis is derived from the dried roots of Coptis chinensis Franch., Coptis deltoidea C. Y. Cheng et Hsiao and Coptis teeta Wall., which are called "Wei Lian", "Ya Lian", and "Yun Lian" in Chinese, respectively. [3] Modern pharmacological studies have shown that Coptis has multiple pharmacological effects such as dissipating heat and drying dampness, easing disturbed states of mind, and purging fire to eliminate toxins. [4] [5] [6] Generally, Coptis needs to be processed before use because Coptis is strongly bitter and cold, which can be alleviated in processed Coptis. At present, there are several methods to process Coptis. One of the most popular is stir-frying with wine, which means soaking the Coptis in rice wine for several minutes and then stir-frying it to dryness. [2, 3] Along with the process of stir-frying with wine, the main chemical constituents of Coptis are in constant flux. As has been reported, Coptis is rich in alkaloids, including jatrorrhizine, epiberberine, coptisine, palmatine, and berberine, which are considered the major active constituents and quality control targets for Coptis. [7, 8] To date, several conventional methods, for example, high-performance liquid chromatography (HPLC), have been reported for the qualitative and quantitative analysis of extracts and their active components in Coptis. [9, 10] However, in these methods, Coptis must be removed from the process of stir-frying with wine, and the samples require tedious pretreatment and time-consuming analysis. [11] In addition, Coptis in different processed states has different contents of the five alkaloids. Therefore, it is necessary to determine a method that can rapidly online monitor the variation of the contents during the stir-frying process.
Near-infrared spectroscopy (NIR) coupled with chemometrics is a quick, accurate, and nondestructive analytical tool, which can be considered as a replacement for traditional chemical analysis. As it possesses advantages of fast acquisition, no sample preparation, noninvasiveness, nondestructiveness, and simultaneous determination, NIR spectroscopy with fiberoptic probes has been widely used in qualitative discrimination, quantitative determination, identifying counterfeits and forecasting the stability of TCMs, among other applications. [12] [13] [14] [15] [16] [17] [18] [19] This is the first study using NIR to simultaneously analyse these five alkaloids in Coptis during the process of stir-frying with wine.
The purpose of this study was to evaluate the possibilities of rapid dynamic quantitative analysis of jatrorrhizine, epiberberine, coptisine, palmatine, and berberine in Coptis during the process of stir-frying with wine by NIR. Firstly, 155 samples of raw Coptis were processed with rice wine as per the results of an orthogonal design. Secondly, the processed Coptis samples were detected by NIR. Then, calibration models generated by partial least squares (PLS) of the five alkaloids were established based on the NIR spectra and the reference data collected from HPLC. Finally, the validation set was used to validate the predictive ability of the optimized PLS models. This study was performed as a laboratory simulation intended for subsequent use in rapid online analysis and quality control to monitor the industrial process of stir-frying Coptis with wine.
Materials and methods

Materials and reagents
Six batches of Coptis were obtained from different provinces of China. Jatrorrhizine hydrochloride (batch no.W1900010), epiberberine (batch no.W0400010), coptisine hydrochloride (batch no. W2160010), palmatine (batch no.W0410010), and berberine hydrochloride standards (batch no. R3550010) were obtained from the ANPEL Scientific Instrument Company (Shanghai, PR China). Rice wine was purchased from the Kuaijishan Shaoxing Wine Company (Zhejiang, PR China). HPLC-grade acetonitrile was obtained from the Tianjin Kermel Chemical Reagent Company (Tianjin, PR China). Water was purified by an ultrapure water system. All the other reagents were of analytical grade.
Sample preparation
The 25 different Coptis processing methods were generated by the orthogonal design method and are shown in Table 1 . Coptis slices weighing 80 g were mixed with the appropriate quantity of rice wine and stir-fried to homogeneity. After the rice wine was absorbed by Coptis for different periods, the slices were placed into a stir-fry vessel and heated at the designed temperature controlled by an infrared thermometer (GM320, BENETECH, PR China) for 6 min. Next, the processed Coptis were removed, cooled, and ground by a grinder. Finally, the small fragments were screened. In this study, six batches were used, and 155 samples were collected. 
Spectra acquisition
The NIR spectra of processed Coptis samples, shown in Fig. 1 , were recorded by a Quas-IR 3000 spectrometer (Vspec, USA) equipped with a PbS detector, sample cup and rotary tables. The spectra were obtained at a resolution of 8 cm −1 over a wavelength range of 12000-4000 cm −1 with 32 scans per spectrum, and air absorbance was recorded as the reference standard. To avoid error from the external environment, all samples were equilibrated to indoor temperature (25°C) prior to NIR analysis. In addition, the humidity was kept at the ambient level in the laboratory.
Determination of reference values
Using the Chinese Pharmacopoeia (volume I, 2015 edition), the reference values were analysed immediately after the NIR measurements. 3 An 1100 HPLC system (Agilent Technologies Inc., USA) containing an ultraviolet-visible detector was used for the quantitative determination of the alkaloids at a wavelength of 345 nm. A Kromasil (Akzo Nobel Inc., Sweden) C 18 column (250 mm × 4.6 mm, 5 μm) was employed at 35°C. The elution system was composed of acetonitrile-water (50:50) containing 50 mmol/L of monopotassium phosphate and 25 mmol/L of sodium dodecyl sulfate (SDS) at a flow rate of 1.0 mL/min. The sample aliquots (10 μL) were injected into the HPLC for content analysis.
All 155 samples were analysed by the above-mentioned HPLC method. Representative HPLC chromatograms of the standard solution (five alkaloids) and the processed Coptis sample solution are shown in Fig. 2 . Baseline separation for all five alkaloids could be achieved successfully. The chromatographic peaks were identified by comparing their retention times against known standard peaks.
Data processing
All the computations, including data acquisition, spectral preprocessing, variable selection, chemometric regression models construction and validation were performed using OPUS spectral acquisition and processing software (Operant LLC Licensed to MTG, USA). Wavenumber (cm -1 ) Absorbance 8000 7500 7000 6500 6000 5500 5000 4500 12000 4000 Figure 1 . Near-infrared spectra of Coptis samples.
Results and discussion
Quantitative calibration models
Division of calibration and validation set: Among the 155 samples, 1 out of 5 was selected randomly for validation analysis, and thus, 31 samples were selected into the validation set to validate the PLS models, and the remaining 124 samples were used as the calibration set to establish the calibration models. [20] Optimizing the calibration models using the PLS method Spectral pretreatment methods: To gather full and effective information from the spectral data and eliminate noise, baseline shift, and matrix background interference, the spectra must be preprocessed. 15 In this study, different optimization methods were implemented by the OPUS software including Constant Offset Elimination(COE), Straight Line Subtraction (SLS), Vector Normalization (VN), Min Max Normalization (MMN), Multiplicative Scatter Correction (MSC), First Derivative, Second Derivative, First Derivative + SLS, First Derivative + VN and First Derivative + MSC.
The PLS methods must be computed for each number of components, and the optimum factors for the calibration set were selected based on the correlation coefficients of the calibration set (R cal ), the root mean square errors of cross-validation (RMSECV), and the residual predictive deviations (RPD). The models with the best prediction ability are usually selected on the basis of the root mean square error (RMSEP) and the correlation coefficients of the validation set (R val ). [21, 22] Calibration models with the highest R and RPD as well as the lowest RMSECV are considered optimal. OPUS could determine the values of R, RPD, RMSECV and RMSEP, and then, the best spectral pretreatment methods were chosen according to these values. The results obtained with different preprocessing methods are shown in Table 2 .
Spectral region and factors: In the complex system, it was difficult to use a classical univariate parameter for quantitative analysis. Therefore, the spectral region and PLS factors were chosen as two other standard parameters to optimize the calibration models.
One or several wavelengths related to alkaloids cannot be found in the NIR spectra because of the interferences of other components, so a spectral region rich in chemical information is usually used to establish the calibration models. The PLS method of OPUS is a powerful multivariate calibration method to recommend the appropriate spectral region. Table 3 shows the appropriate spectral regions for the NIR models. In the PLS method, the number of PLS factors (F) would directly affect the predictive ability of the calibration models. Not enough information would be obtained from the spectrum when F is too small, and the actual information would be misrepresented or ''over fitted'' when F is too large. OPUS is successful in recommending the ideal F according to the criteria of the best calibration. Figure 3 shows the relation between the RMSECV values (y-axis) and F (x-axis). When F>7, the RMSECV value of jatrorrhizine became gradual and tended to be stable, so the ideal F for jatrorrhizine PLS model was 7; the ideal F for epiberberine, coptisine, palmatine and berberine were 12, 9, 10, 7, respectively. Apparently, the given ideal F in Fig. 3a and 3d are clearly "over fitted", so the smaller 7 of jatrorrhizine and 10 of palmatine were chosen. With PLS regression, the calibration models were finally optimized individually by spectral pretreatment methods, spectral range, and F. 
Results and verification of the quantitative models
The validation set is used to validate the predictive ability of the optimized PLS models. Following the procedures mentioned above, the calibration models of the five alkaloids were established in this study, and the above optimized models were used to predict the contents of the 31 samples in the validation set. The results in Table 4 show that the established models gave satisfactory fitting results and predictive ability and could be applied to monitor the contents of the five alkaloids in Coptis during stir-frying with wine. Figure 4 shows the correlation between the NIR predicted values (yaxis) and the reference values (x-axis) obtained by HPLC. The RMSEP and R val of the validation set suggested that the predicted values from NIR are very close to the values determined by HPLC. However, deviations still existed in a few samples because the pretreatment process of Coptis was quite complex and Coptis was not completely uniform during HPLC determination and NIR spectrum collection. The T and F tests for the predicted result indicated that the accuracy and precision were satisfactory with a significance level of 0.05. Discussion of the process of stir-frying Coptis with wine Based on the results calculated by the orthogonal design assistant SPSS 11.5, as shown in Table 5 The results of variance analysis of each factor indicated that the stir-fried temperature was the most important factor, the rice wine content was the second most important factor and the sealed moistening time was the least important factor. Therefore, the optimized method for processing was C 3 A 3 B 3 . In other words, the optimized method was to add 15% (v/v) rice wine to 80 g of Coptis, seal for 2 h to moisten, and stirfry at 160°C for 6 min, which was in accordance with the Chinese Pharmacopoeia. The results also showed that different processing extents led to different contents of alkaloids in Coptis. Comparing the alkaloids contents of raw and processed Coptis, it can be observed that the contents of palmatine and berberine increased notably after processing, while the contents of epiberberine and coptisine decreased and the content of jatrorrhizine had no clear change, which indicated that the processing method does affect the chemical components in Coptis, but the mechanism requires further study.
In addition, as shown in Fig. 5 , there were two new chromatographic peaks of unknown components generated during the process of stir-frying Coptis with wine. Further study is required to determine whether these new components are transformed from epiberberine and coptisine. It also requires further study whether these new components have any relations to the traditional saying "processed Coptis can ease the cold property of raw Coptis" or have any other new pharmacological effects.
Conclusion
In this study, six batches of samples, which were processed according to the results of an orthogonal design setting different contents of rice wine, sealed moistening time, and stir-fry temperature, were surveyed by NIR spectroscopy, and models were built by means of PLS. Their main parameters were also discussed in detail. The root mean square errors of prediction (RMSEP) for the PLS models of jatrorrhizine, epiberberine, coptisine, palmatine, and berberine were 0.0030, 0.0387, 0.0206, 0.0095, and 0.0516 and their correlation coefficients (R) were 99.43%, 98.41%, 99.29%, 99.23%, and 99.87%, respectively. The overall results showed that NIR spectroscopy combined with PLS provided reliable, stable and efficient analysis for jatrorrhizine, epiberberine, coptisine, palmatine, and berberine in Coptis during the process of stir-frying with wine and showed great promise for use in industrial manufacturing processes for rapid online analysis and quality control.
